Introduction Summary
Peripheral nerve function is significantly affected by ageing. During ageing process, multiple changes occur on tissue cells and extracellular matrix. The aim of this work was to study the ageing-associated changes of peripheral nerves in adult and old regularly slaughtered cattle compared with young calves, and correlate them to the features reported in humans and laboratory animals. Samples of axial dorsal metacarpal nerves from 44 cows were collected immediately after slaughtering. Each nerve was dissected and divided into two fragments: one used for morphological evaluation (n = 43) and the other one for biochemical analysis (n = 31). Axonal degeneration, demyelination, thickness of perineurium and endoneurium and increase of mast cells were the most important features detected. The mean amount of glycosaminoglycan quantitative content recorded in the samples increased with the age. Axonal degeneration, demyelination and thickness of endoneurium were positively and significantly correlated with biochemistry. The presence of changes affecting the different elements of the peripheral nerves, similar to that reported in humans and in laboratory species, the easy availability of the nerve tissue in this species, the considerable size of the samples and the life conditions more similar to humans than to laboratory animals, allows the authors to consider cattle as a potential good model for the comparative study of spontaneous ageing nerve lesions. 2003 ) and human brains (Albert, 1993) , and they are hypothesized to mediate age-related cognitive decline Peripheral nerve function is significantly affected by ageing. During ageing process, multiple changes occur on tissue cells and extracellular matrix that have negative effects on the functional capacities of elderly patients (Bahcelioglu et al., 2008) . Functional deficits may be the consequence of a loss of nerve fibres (Knox et al., 1989; Behse, 1990; Hashizume and Kanda, 1995) , myelin abnormalities (Stanmore et al., 1978; Sharma et al., 1980; Chase et al., 1992; Majeed, 1992) , and alterations in nerve connective tissue and vascularization (Knox et al., 1989; Ceballos et al., 1999) .
Spontaneous changes in myelin structure and composition have been noticed in ageing rat (Knox et al., 1989; Sugiyama et al., 2002) , monkey (Sandell and Peters, 2001; Peters and Sethares, 2002; Sloane et al., (Hinman et al., 2006) .
In humans, peripheral nerve lesions were correlated to motor unit loss, axonal atrophy and demyelination caused by oxidative damage to proteins and lipids, and modified transmission of the electrical signal through the neuromuscular junction (Manini et al., 2013) . In humans, the conduction velocity rate keeps stable until approximately 30 years of age after which it is subjected to a slow decline. The rate of change has been estimated to decline by 10% from 30 to 60 years of age. Several studies have demonstrated that, with increasing age, there are both a decreased sensory and motor conduction velocity in normal individuals (Werner et al., 2012) .
Degenerative lesions have been observed also in the dorsal and ventral roots of the spinal nerves in aged rats (Berg et al., 1962; Vans Teenis and Kroes, 1971; Gilmore, 1972; Burek et al., 1976) . These lesions usually begin Materials and Methods to appear at around 18 months of age, but are more frequent and severe after 24 months of age. The lesions include segmental demyelination, in both presence and absence of axonal degeneration, macrophage activity and usually little Schwann's cell proliferation.
Abundant mast cells are also observed in addition to a macrophagic response in those nerves showing degenerating lesions. However, their specific role in the ageing degenerative lesions of peripheral nerves remains to be clarified (Vans Teenis and Kroes, 1971; Cotard-Bartley et al., 1981) .
Ageing-related changes were also observed in peripheral nerves of mice, and they showed similarity to those described in rats (Goss et al., 2011) .
Numerous studies were performed on ageing-associated peripheral nerve disorders in humans and several laboratory animals, but, to our knowledge, no studies on livestock animals have been carried out so far.
Livestock animals represent a potential model to study human diseases because they provide some advantages, as, for example, to be easy to handle, and may share a common environment with humans. Cattle in particular are considered important spontaneous animal models for the understanding of several human infectious diseases such as tuberculosis (Waters et al., 2014 ), Crohn's disease (Patterson and Allen, 1972 ) and respiratory syncytial virus infection (Taylor, 2013) .
The anatomical size and physiology of the bovine heart and thorax are appropriate to study novel interventions for the clinical management of human heart failure (Bartoli et al., 2013) . Moreover, cattle represent a naturally occurring animal model also of Marfan syndrome, an autosomal dominant disorder of the connective tissue characterized by abnormal fibrillin synthesis/processing and abnormal incorporation of fibrillin into the extracellular matrix (Hirano et al., 2012) . Study on this spontaneous model has contributed significantly to our understanding of the molecular pathogenesis of these pathologies and provide an important resource for testing new drug therapies.
On the basis of author's knowledge, no morphological or biochemical investigations have been performed on peripheral nerves of healthy adult cattle.
The aim of this work was to study the ageing-associated changes of peripheral nerves in adult and old regu-
The study was performed in accordance with animal welfare regulations (93/119/EC).
Samples of nerves (axial dorsal metacarpal) from 44 cows (32 from 10 to 20 years old and 12 from 12 to 29 months old) were collected immediately after slaughtering at public abattoir (Fig. 1a) . Anamnestic data of these animals are described in Table 1 . None of these animals reported neuromuscular clinical signs. Each nerve was dissected and divided into two fragments: one used for morphological evaluation (n = 43) and the other one for biochemical analysis (n = 31).
The samples were separated in three groups based on the animal age classification: group 1 (n = 16 animals from 10 to 13 years old, mean age: 11 years); group 2 (n = 15 animals from 14 to 20 years old; mean age: 16 years); and group 3 (n = 12 animals from 12 to 29 months; mean age: 18 months) which was considered as the control group.
Morphological investigations
To perform the morphological evaluation, nerve samples were fixed for 2 h in 2.5% glutaraldehyde (Weis et al., 2012 ) and stored at 4°C in 2.5% glutaraldehyde -4% paraformaldehyde in cacodylate buffer 0.08 m, pH 7.4 (Sandell and Peters, 2001 ).
Segments of 3 mm in length were then cut, post-fixed in OsO% (1%, 2 h), dehydrated through an ascending series of acetone (30, 60, 90 and 100%) for 30 min each and Spurr resin-embedded. From each sample, using the ultramicrotome, semithin sections (0.80 lm) were obtained and stained with toluidine blue and toluidine blue polychrome (Fig. 1b) (Weis et al., 2012) .
larly slaughtered cattle compared with young calves, and to correlate them to the features reported in humans and 
All the slide sections were then examined under a light microscope by three pathologists.
The severity of microscopical lesions (axonal degeneration, demyelination, increase in perineurium thickness and increase in endoneurium) was classified using the following semiquantitative scoring system: no lesions (0), a low number of focal to multifocal lesions (1), a moderate number of lesions, disseminated through one or more areas (2) or diffuse and severe lesions (3) (Fig 2a,b) .
The number of mast cells was counted in five fields (409 -81 500 lm 2 ). The median value was calculated.
Biochemical investigations
Biochemical investigations were performed on 31 samples only (nine of group 1, 11 of group 2 and 11 of group 3)
because of insufficient tissue sample availability.
Total glycosaminoglycan extraction
For biochemical investigations, tissues were weighted, defatted twice with a mixture of chloroform: methanol (2:1, v/v) and centrifuged, and the resulting pellet was dried in air overnight in acetone. Weighted samples were homogenized in two volumes of distilled water, using a Polytron (Kinematica, Luzern, Switzerland) for 3 min at maximum speed. Proteins were digested by incubation on each occasion with papain (Merck Millipore, Darmstadt, Germany) for 48 h at 40°C. A few drops of octanoic acid were added to prevent bacterial growth. After centrifugation at 11 600 g for 20 min, the supernatant was brought to 7% trichloroacetic acid, held for 1 h at 4°C and centrifuged at 11 600 g for 20 min. The supernatant was diluted with four volumes of cold ethanol containing 1 per cent potassium acetate, stored overnight at À20°C and centrifuged at 11 600 g for 10 min. The precipitated glycosaminoglycans (GAGs) were finally dissolved in a volume of distilled water proportional to the dry weight of the nerves (Castagnaro et al., 1997) .
Quantitative analysis of GAG The GAGs were analysed quantitatively by the carbazole method (Bitter and Muir, 1962) , using glucuronolactone as a standard. The concentration was expressed as microgram uronic acid per milligram of dry tissue.
Statistical analysis
The difference of biochemical results among the groups was tested using one-way ANOVA and by multiple comparisons using the post hoc test Tukey's HSD. The one-way Kruskal-Wallis test and post hoc pairwise Wilcoxon's rank sum tests were performed to investigate differences among the groups when the data did not follow the normal distribution. Correlation among lesion score, perivascular mast cell counts and biochemical results was tested by Spearman's rank correlation test. Analysis was performed by R software (R Development Core Team 2014).
Results

Morphological investigations
Axonal degeneration, demyelination (Fig. 2c,d) , thickness of perineurium (Fig. 2e ) and endoneurium and increase of mast cells (Fig. 2f) were the most important features detected in the samples.
The total distribution of the main lesions is reported in Table 2 .
Axonal degeneration showed different degrees of severity. Most of the samples revealed only focal or multifocal axonal degeneration characterized by size variation, swelling and fragmentation. Moreover, there was also an increase in axonal morphological irregularity.
Generally, moderate to severe demyelination was associated with axonal degeneration or sometimes myelin sheaths surrounding the nerve fibres, showed signs of degeneration.
The myelin sheath of control nerves was generally compact with a uniform thickness and a regular structure. In the pathological samples, there was an increase in the heterogeneity of myelin structure with ageing, showing the presence of several signs of degeneration such as swelling, dilatation, irregular shapes, incisures, separation of lamellae, and myelin loops. Moderate to severe demyelination was frequently observed, sometimes involving numerous nerve fibres.
Axonal degeneration and demyelination were associated with the progressive increase of endoneurial connective tissue between nerve fibres that became more dense.
The increase of perineurium thickness was evaluated on the basis of the control nerves. An important increase in the number of perineurium layers was detected in 15 animals.
A variable number of mast cells were present in all cases, especially located around blood vessels, but occasionally distributed between the myelinated nerve fibres.
The author did not record any variation in the number and size of blood vessels of our specimens.
Only a low number of focal to multifocal lesions were detected in young animals (group 3).
The scores recorded for axonal degeneration, demyelination, thickness of perineurium and endoneurium were significantly different among the groups (Kruskal-Wallis, P < 0.01). No significant difference was recorded among group 1 and the other two groups (Fig. 3a) . Group 2 showed higher perineurium thickness compared with group 3 (Fig. 3a) . Scores of group 1 for axonal degeneration, demyelination and thickness of endoneurium were significantly lower than those calculated for the others groups (Fig. 3b-d) . The abundance of perivascular mast cells was significantly different among the . related changes occurring in peripheral nerves of adult/ aged cattle. groups (Kruskal-Wallis, P < 0.01). Individuals belonging to groups 1 and 2 showed a significantly higher number of perivascular mast cells when compared with individuals in the control group (Fig. 4) . The peripheral nerve function is significantly affected by ageing, and this phenomenon could be related to several factors such as decreased number of nerve fibres (Somorajski, 1974; Knox et al., 1989; Hashizume and P-values were calculated by pairwise comparisons performed using Wilcoxon's rank sum test (*P < 0.05, **P < 0.01). Kanda, 1995), abnormalities of the myelin sheath (Stanmore et al., 1978; Sharma et al., 1980; Grover-Johnson and Spencer, 1981) and alterations of the connective tissue (Knox et al., 1989) .
The molecular basis of these ageing-related degenerative changes is not well known (Kirkwood, 2005; Goss et al., 2011) , but probably related to alterations of protein expression and/or reduced turnover of nerve regeneration (Navarro and Kennedy, 1989) .
The morphological alterations that affect the peripheral nerves seem more severe distally Grover-Johnson and Spencer, 1981) . For this reason, the authors decided to examine a peripheral nerve (axial dorsal metacarpal) in a superficial position also easy to draw. Moreover, because in the literature ageing studies generally investigated only the differences between young and old animals, the authors decided to compare three groups involving young, adult and older cattle to verify whether a progression of the lesions could be better identified.
The results of this study show that ageing affects the different elements of the peripheral nerve: axons, myelin, connective tissue cells and extracellular matrix (GAGs component).
Cattle of the present study showed a significant increase in the severity of axonal degeneration, demyelination and thickness of endoneurium between control group in respect to groups 1 and 2. Moreover, a significant increase in thickness of perineurium was detected, but only between groups 1 and 3.
These results are in agreement with those of previous studies performed mainly on rats (Ceballos et al., 1999; Bahcelioglu et al., 2008) as there are no specific data related to the bovine species.
Axonal degeneration (degenerated and fragmented axons) has been highlighted in aged rats, over 24 months of age, in sciatic and tibial nerves (Cotard-Bartley et al., 1981) , but also in spinal nerve roots (Berg et al., 1962; Gilmore, 1972) . Moreover, optic nerves of rats showed an exponential increase in the number of degenerated axons with age (particularly evident from 24 months of age) (Cepurna et al., 2005) . Ageing causes a progressive decrease in the thickness of the myelin sheath, phenomenon generally associated with other morphological abnormalities of the myelin sheath. These features had already been pointed out in spinal nerves (Ceballos et al., 1999) , cranial nerves (Bahcelioglu et al., 2008) and optic nerves (Cepurna et al., 2005) of rats. Similar alterations of the myelin sheaths were also detected in the visual cortex of old monkeys (Peters et al., 2000) . The endoneurium thickening may be closely associated with demyelination and axonal degeneration of nerve fibres: in fact, the increase of connective tissue seems to invade the space previously occupied by nerve fibres undergoing demyelination and axonal degeneration. A similar phenomenon has been described in the optic nerves of old monkeys (Sandell and Peters, 2001) , where the thickness of the trabeculae of fibrous tissue increases to replace nerve fibres that are lost with ageing.
Few data are available regarding the changes of perineurium. Studies performed on spinal nerves of rats showed a decrease in the thickness and number of cell . layers of the perineurium in very old animals (Ceballos et al., 1999) .
In the present research, no variation in the number and size of blood vessels was detected according to previous studies performed on rats (Bell and Weddell, 1984; Kihara et al., 1991) that showed as the total area of the blood vessels of the endoneurium should not vary with age. In fact, if many vessels collapse, those remaining increase their diameter, maintaining the overall vascular area unchanged.
As reported in literature, also non-neuronal cells undergo important changes with ageing and particularly macrophages and mast cells increase significantly in number in the endoneurium (Ceballos et al., 1999) . In the present research, epineurial perivascular mast cells showed a significant increase with age, positively and significantly correlated with the severity of demyelination, thickness of perineurium and endoneurium. No increase of macrophages was detected. The increase in number of macrophages and mast cells with ageing may reflect the activation of resident cells or the recruitment of blood precursors attracted by degenerative processes. Mast cells are resident cells within the central nervous system of many species (Johnson and Krenger, 1992; Silver et al., 1996) .
Studies by Olsson (1968) , Olsson and Sjotrand (1969) , Latker et al. (1991) and Esposito et al. (2002) revealed that after injury, mast cells accumulate to the area where repair and inflammation are occurring strongly, suggesting that these cells actively participate in the degeneration and regeneration processes of the nerve. The specific role of these cells remains to be clarified, but their correlation with loss of myelin sheets and changes in the extracellular matrix emphasizes their importance in the nerve remodelling with ageing.
Extracellular matrix is a very important component of the nervous system and plays a prominent role in cell proliferation, migration and preservation of its shape (Luo et al., 2002) . Evident changes in the extracellular matrix of the peripheral nerves have been reported in both pathological and non-pathological ageing process (King, 2001; Platt et al., 2003; Yasuda et al., 2003) . The extracellular matrix of a peripheral nerve consists mainly of fibrous connective cells that surround the nerve (epineurium, perineurium and endoneurium), collagen, proteins like laminin, and GAGs. GAGs are usually classified into four categories: (1) hyaluronan (HA), (2) chondroitin sulphate (CS) and dermatan sulphate (DS), (3) keratan sulphate (KS) and (4) heparan sulphate and heparin (HS). Apart from HA, GAG chains can join to a protein core to form proteoglycans (PGs) (Siliprandi and Tettamanti, 2011) . PGs and GAGs are important in homeostasis, morphogenesis, cell division, repair and neurodegenerative disease (Gandhi and Mancera, 2008; Couchman and Pataki, 2012; Dudas and Semeniken, 2012) . Several changes in PG and GAG content are reported in aged animals (Kato et al., 1993; Warburton and Santer, 1997; King, 2001; Platt et al., 2003; Yasuda et al., 2003; Robert et al., 2010) , but in author's knowledge, no data are reported in aged cattle.
Biochemical analysis described in the present study revealed an increase of GAG quantitative content between the oldest (2) and the control group (3) positively and significantly correlated with the presence of axonal degeneration, demyelination and thickness of endoneurium.
Due to the essential role of PGs and GAGs in axonal guidance and regeneration (Lin et al., 2011) , the increase of GAG content in aged cattle of the present research could be considered closely correlated to degenerative processes of the nerve fibres.
Livestock animals represent spontaneous animal model to study several human diseases to better understand their pathogenesis and to test potential therapeutic agents. No specific studies have been performed on the age-related morphological and biochemical changes in bovine peripheral nerves. Recently, only Schenk et al. (2014) evaluated morphometric and neurophysiologic parameters of peripheral nerves of calves aged from 14 to 85 days, to elucidate the relationship between structure and function (motor nerve conduction velocity). This study permits to investigate the mean fibre diameter and the thickness of the myelin sheath in young calves, concluding that these animals have a higher degree of myelination compared with juvenile humans, presumably helping calves to obtain a good equilibrium, and well-developed locomotory abilities (Schenk et al., 2014) .
The presence of morphological changes affecting the different elements of the peripheral nerve as observed in the present research, similar to that reported in humans and in laboratory species, allows the author to suggest the potential usefulness of cattle as a model for ageing lesions in humans. The use of this species provides some advantages, as for example being easy to handle and sharing a common environment with humans. Moreover, because of the dimension of this animal species, the collection of the axial dorsal metacarpal nerve is easy and the volume of the tissue obtained is abundant, sufficient to perform several investigations. However, further studies are needed to better correlate morphological and biochemical data and to assess the effects on nerve function of these progressive degenerative lesions.
Axonal degeneration, demyelination, thickness of perineurium and endoneurium and increase of mast cells were the most important features observed in the adult/ old cattle of the present research. The mean amount of GAG quantitative content recorded in the sample tissues increased with the age. Axonal degeneration, demyelination and thickness of endoneurium were positively and significantly correlated with biochemistry. The presence of changes affecting the different elements of the peripheral nerve, similar to that reported in humans and in laboratory species, the easy availability of the nerve in this species, the considerable size of the samples and the common environment more similar to humans than to laboratory animals, allows the authors to consider cattle as a good potential model for the comparative study of spontaneous ageing nerve lesions.
